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Abstract 

We discuss the conditions for a non-vanishing Dirac phase S and mixing angle 
013, sources of CP violation in neutrino oscillations, to be uniquely responsible for 
the observed matter-antimatter asymmetry of the universe through leptogenesis. 
We show that this scenario, that we call (5- leptogenesis, is viable when the degen- 
erate limit (DL) for the heavy right-handed (RH) neutrino spectrum is considered. 
We derive an interesting joint condition on sin ^13 and the absolute neutrino mass 
scale that can be tested in future neutrino oscillation experiments. In the limit of 
hierarchical heavy RH neutrino spectrum (HL), we strengthen the previous result 
that (^-leptogenesis is only very marginally allowed, even when the production from 
the two heavier RH neutrinos is taken into account. An improved experimental up- 
per bound on sin ^13 and (or) an account of quantum kinetic effects could completely 
rule out this option in the future. Therefore, (5-leptogenesis can be also regarded as 
a motivation for models with degenerate heavy neutrino spectrum. 



1 Introduction 



Leptogenesis pLj, a cosmological consequence of the see-saw mechanism [2J, provides an 
attractive explanation for the baryon asymmetry of the Universe, one of the most long- 
standing cosmological puzzles. A lepton asymmetry is produced in the decays of the 
very heavy RH neutrinos predicted by the see-saw mechanism. In order for the {B — L 
conserving) sphaleron processes to be able to convert part of the lepton asymmetry into 
a baryon asymmetry, very high temperatures, T > Me„ ~ 100 GeV, are required in the 
early Universe [3]. 

In comparison with other models of baryogenesis, leptogenesis offers the unique advan- 
tage of relying on an ingredient of physics beyond the Standard Model, neutrino masses, 
already confirmed by the experiments. Furthermore and very interestingly, a quantita- 
tive analysis [1] shows that the values of the atmospheric and of the solar neutrino mass 
scales, inferred from neutrino mixing experiments, favor leptogenesis to work in a mildly 
'strong wash-out regime': inverse processes are strong enough to wash-out any contri- 
bution to the final asymmetry depending on the initial conditions but not too strong to 
prevent successful leptogenesis. In this way the observed matter-antimatter asymmetry 
can be unambiguously explained within a minimal extension of the SM where RH neutri- 
nos with a Majorana mass term and Yukawa couplings are added to the SM Lagrangian 
and the see-saw limit is assumed. No particular assumptions on the initial conditions 
are required, in complete analogy with what happens in the calculation of the primordial 
nuclear abundances within standard Big Bang Nucleosynthesis. 

In a typical A'^i-dominated scenario, the asymmetry is dominantly produced from the 
decays of the lightest RH neutrino A^^i. A necessary (but not sufficient) condition is the 
assumption of a mild hierarchy in the heavy neutrino mass spectrum, such that M2, the 
mass of the next-to-lightest RH neutrino, is approximately three times larger than Mi, 
the mass of the lightest RH neutrino [5J. 

In an unfiavored analysis, a stringent lower bound on Mi holds |6j. In the decoupling 
limit, when the iVi-decay parameter Ki ^ and assuming an initial thermal abundance, 
one finds Ml ^ 5 X 10^ GeV [7] . However, there are different drawbacks for the saturation 
of this lower bound that is anyway strongly model dependent. A more significant and 
stringent lower bound. Mi > 3 x 10^ GeV, is obtained at the onset of the strong wash- 
out regime, Ki ~ ~ 3.3 [8, 9J, where the final asymmetry does not depend on the 

^More exactly, in [7j, it was found 4 x 10* GeV. Here we are using a slightly higher value that is 
obtained, as we will see, when the reduced experimental error on the baryon asymmetry and on the 
atmospheric neutrino mass scale is taken into account. 
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initial conditions. This lower bound implies an associated lower bound [H [TO], Treh ^ 
1.5 X 10^ GeV, on the value of the temperature at the beginning of the standard radiation 
dominated regime, the reheating temperature within inflation. 

As we said, the assumption of a mild hierarchy in the heavy neutrino mass spectrum 
is not sufficient to guarantee that the A''i-dominated scenario holds. It is indeed possible 
that, for a proper choice of the see-saw parameters, a A''2-dominated scenario holds, where 
the final asymmetry is dominated by the contribution from the decays of the next-to- 
lightest RH neutrino A^2 PT]- In this case the lower bound on Mi does not hold any more 
and is replaced by a lower bound on M2, however still implying a lower bound on Tj-eh- 

Even when fiavor effects [121 [131 [IH [13 [HI [H] cire taken into account [^, these lower 
bounds do not get relaxed P [IB] . In particular, fiavor effects do not help to alleviate the 
confiict with the upper bound on the reheating temperature coming from the avoidance of 
the gravitino problem when a supersymmetric framework is considered |T9]. On the other 
hand, fiavor effects relax the lower bound on Mi for Ki ^ K^, ^16] and, interestingly, 
it has been shown that the Dirac phase and, more efficiently, the Majorana phases can 
strongly enhance the amount of the relaxation [9]. 

Besides this effect, there is an even more interesting role played by the Majorana and 
Dirac phases when flavor effects are taken into account. In an unflavored analysis, the flnal 
asymmetry does not depend on the low-energy phases and this represents a limit to the 
possibility of further tightening the link between leptogenesis predictions and low-energy 
neutrino experiments. 

In [15] it has been shown that, accounting for flavor effects, an asymmetry can be 
generated even when the total CP asymmetry vanishes. This is possible because flavor 
effects introduce an additional source of CP asymmetry stemming from low-energy phases. 
The flavor composition of the anti-lepton produced in the decay of the RH neutrino can 
be indeed different from the one of the CP conjugated lepton. In this way a new intriguing 
scenario arises, where the Majorana and the Dirac phases, potentially observable in low- 
energy neutrino experiments, could act as the unique source of CP violation responsible 
for the observed matter-antimatter asymmetry of the Universe. First calculations have 
been presented in [T7] for particular values of Mi and within a two RH neutrino scenario, 

^ Flavor effects were first considered in [12], and tlien in [13] in the particular case of 2 RH neutrinos. 
However, in these papers, it was found that flavor effects can only induce small corrections to the final 
asymmetry compared to the unflavored case. The possibility for a large enhancement was first found 
in [13] in the case of resonant leptogenesis and more generally in [131 [THl [TT] , where the typical factor 
2-3 enhancement of the final asymmetry induced by flavor effects was also first understood. As for 
the potential role of low energy phases in providing an additional source of CP violation relevant for 
leptogenesis, it was first discussed in [T5] . 
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corresponding to a specific choice of tlie see-saw ortliogonal matrix [20]. 

In [9] it lias been first shown that successful leptogenesis stemming only from low- 
energy phases is possible and the lower bound on Mi, with its dependence on Ki and on 
the initial conditions, has been calculated for a specific choice of the see-saw orthogonal 
matrix in the HL. It has been found that for values of Ki in the strong wash-out regime, 
the allowed region is very constrained when just Majorana phases are switched on, and it 
is even worse when only the Dirac phase is switched on, even for sin 6'i3 close to its exper- 
imental upper bound. Compared to the usual cases where high-energy phases contribute 
to CP violation as well, the lower bounds on Mi and on the reheating temperature get 
much more stringent, especially in the strong wash-out regime and in particular for values 
of Ki in the range favored by neutrino mixing experiments. Therefore, one can say that 
the asymmetry production from low-energy phases is somehow secondary compared to 
the usual case when leptogenesis proceeds from the high-energy phases contained in the 
see-saw orthogonal matrix. This conclusion has been recently confirmed also in pTj in 
the context of MSSM. In [22l [23t [24] . the results have been generalized for an arbitrary 
choice of the orthogonal matrix and of the low-energy phases but without a study of the 
dependence on Ki and on the initial conditions. 

In this paper we focus on the particularly interesting case of 5-leptogenesis, where the 
Dirac phase, which has realistic chances to be observed in neutrino mixing experiments for 
not too small values of sin 6*13, is the only non-vanishing phase. We study the dependence 
of the final asymmetry on the initial conditions, finding the onset of the strong wash- 
out regime and showing the dependence of the Mi lower bound on the important decay 
parameter Ki, whose value is related to the values of the neutrino masses and at the 
same time determines the efficiency of the asymmetry production (involving both the 
production of the heavy neutrinos and the wash-out). We first obtain that, in the HL, the 
possibility to explain the observed asymmetry is only marginally allowed and just limited 
to the less relevant weak wash-out regime, when the correct condition for the validity of 
the fully fiavored regime is taken into account [25]. Then we point out that this obstacle 
can be nicely circumvented going beyond the HL. Indeed, like in the unfiavored case 
[261 [271 [5], the fiavored CP asymmetries, and consequently the final B ~ L asymmetry, 
get enhanced and the lower bounds on Mi and on T^eh get relaxed. The possibility of 5- 
leptogenesis beyond the HL has been already studied in [23] within resonant leptogenesis 
[27] . where the heavy neutrino mass differences are equal to the resonance widths, for 
initial vanishing abundance and in [28] in the context of radiative leptogenesis [29j with 
minimal flavor violation [30] . 

We perform a general analysis in the degenerate limit (DL), where at least one of the 
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degeneracies 5ji = {Mj — Mi) /Mi < 0.01. We show that in this case the strong wash- 
out regime always holds and the lower bound on Mi can be expressed through 5ji and 
the quantity A = sin^is sin 5. In the most extreme case of resonant leptogenesis this 
turns both into a lower bound on 6'i3 and into an upper bound on the absolute neutrino 
mass scale that depend on each other. In this way we find that (5-leptogenesis can indeed 
explain the observed matter-antimatter asymmetry of the Universe in the strong wash-out 
regime and therefore, like leptogenesis from high-energy phases, exhibits the same virtue 
of independence of the initial conditions. 

In Section 2 we introduce the general framework and set the notation. In Section 3 
we present the results in the HL. We confirm, in a more general way, the conclusions 
of [9], showing that the allowed region for 5-leptogenesis is quite restricted, especially 
in the strong wash-out regime and considering that the asymmetry production has to 
switch off for Mi > 10^^ GeV, when the unflavored case is recovered and CP violation 
from low-energy phases turns off. We also verify that this conclusion holds even when the 
asymmetry production from the two heavier RH neutrinos is taken into account. On the 
other hand, we show that a iV2-dominated scenario can also be realized in (5-leptogenesis. 

We conclude that one needs to go beyond the HL for successful 5-leptogenesis in the 
strong wash-out regime and in any case not to be just marginally allowed. Therefore, 
in Section 4 we study the DL showing that successful 5-leptogenesis is possible and we 
find a condition that relates 5ji to Mi {j = 2,3 and i = 1,2) and to A. We also find 
an upper bound on the absolute neutrino mass scale dependent on sin6'i3 that makes 6- 
leptogenesis falsifiable independently of the RH neutrino spectrum. In Section 5 we draw 
the conclusions. 

2 General framework 

Adding to the Standard Model three RH neutrinos with a Majorana mass term M and 
Yukawa couplings h, after spontaneous breaking a Dirac mass term, mo = v h, is gener- 
ated by the vev v of the Higgs boson. In the see-saw limit, M ^ m£,, the spectrum of 
neutrino mass eigenstates splits in two sets, a very heavy one, Ni, N2 and with masses 
respectively Mi < M2 < M3 and almost coinciding with the eigenvalues of M, and a light 
one, with masses mi < 1712 < corresponding to the eigenvalues of the light neutrino 
mass matrix given by the see-saw formula [2], 
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Neutrino mixing experiments measure two light neutrino mass squared differences. In 
a normal scheme one has m| — m| = Aml^^ and m| — = Am'^^Y, whereas in an 
inverted scheme one has m| — m| = Am'^^i and m| — = Aml^^. For mi ^ matm = 
y^A?TT4^~KAm^ = (0.052 ± 0.002) eV [31] the spectrum is quasi-degenerate, while for 
mi < msoi = V^^Li = (0.0089 ± 0.0002) eV [3l] is fully hierarchical. 

In the early Universe, the decays of the heavy neutrinos into leptons and Higgs bosons 
produce, in general, a lepton number that is partly converted into a baryon number by 
sphaleron [B — L conserving) processes if the temperature is higher than about 100 GeV 

An important role is played by the decay parameters of the heavy neutrinos defined 
as Ki = Ti/HT=Mi, the ratios of the decay widths to the expansion rate when the RH 
neutrinos start to become non-relativistic at T = Mj. For Ki the bulk of the Ni decays 
occurs when they are non-relativistic and the inverse decays are not effective anymore. 
In this case all decays occur out-of-equilibrium and the wash-out of the asymmetry is 
weak. On the other hand, for Ki ^ 1, the heavy neutrinos decays are balanced by inverse 
processes. In this case the heavy neutrino abundance tracks quite closely the equilibrium 
abundance and the wash-out of the asymmetry is potentially, but not necessarily, strong. 
The answer depends on a detailed description of flavor effects that are triggered by the 
charged lepton Yukawa interactions with a rate Fq, ~ 5 x 10^^ T/^ (a = e, /i,r) [32] . 
where the /^'s are the charged lepton Yukawa couplings in the diagonal basis. 

If Fq, <^ ^ . Ffj-, fl, during all the relevant period of the asymmetry generation, then the 
lepton state coherence is preserved between decays and inverse decays and the unfiavored 
regime, where flavor effects are negligible, holds. This requirement implies [25] 

Ml > 5 X 10^^ GeV . (2) 

In the unfiavored regime the condition Ki ^ 1 is also sufficient for the wash-out regime 
to be strong. It is important to stress that in this regime the only source of CP violation 
is due to a different total decay rate into leptons and anti-leptons and, as it is well 
known, it stems uniquely from high-energy phases. Therefore, in the unfiavored regime, 
5-leptogenesis is not viable. 

If the charged lepton Yukawa interactions are in equilibrium (F^ > H) and faster than 



■^Notice that more rigorously this condition should be written replacing the simple sum of the inverse 
decays rates with a sum weighted with projectors taking into account that the lepton produced by the 
decay of a RH neutrino Ni is different by that lepton produced by the decay of a RH neutrino Nj^i and 
therefore is not in general fully absorbed by the Nj^i inverse decay |12) . 
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inverse decays, 

> 5^ , (3) 

i 

during the relevant period of the asymmetry generation, then the lepton quantum states 
lose coherence between the production at decay and the subsequent absorption in inverse 
processes. In this way the Higgs bosons interact incoherently with leptons of each flavor. 
In the limit case, when the quantum state becomes completely incoherent and is fully 
projected in one of the flavor eigenstates, each lepton flavor can be treated as a statisti- 
cally independent particle species and a 'fully flavored regime' is obtained. One has to 
distinguish a two-flavor regime, for Mi > 10^ GeV, such that the condition Eq. ([3]) is in 
any case satisfied only for a = r, and a three-flavor regime, where the condition Eq. ([3]) 
applies also to a = ^i. 

In the fully (two or three) flavored regime, classic Boltzmann equations can be used 
like in the unflavored regime, with the difference, in general, that now each single flavor 
asymmetry has to be tracked independently. 

In the fully flavored regime there are two new effects compared to the unflavored 
regime ^5]. These can be understood introducing the projectors and writing them as the 
sum of two terms, 

P.. = \{k\Q? = PL + ^ (4) 

^ \mo)? = pi-^- (5) 

The flrst effect is a reduction of the wash-out compared to the unflavored regime and is 
described by the tree level contribution P-° = (Pj^ + Pia)/2 setting the fraction of the 
total asymmetry, produced in A^j-decays, that goes into each single flavor a. In the fully 
flavored regime, each single inverse decay involves an independent lepton flavor eigenstate 
and therefore does not wash out, in general, as much asymmetry as that one produced in 
each single decay but an amount reduced by Pj° . 

The second effect is an additional CP violating contribution coming from a different 
flavor composition between and CP\l'l). This can be described in terms of the projector 
differences APjQ, = Pja — Pja, such that APjq, = 0. Indeed, deflning the flavored CP 
asymmetries, 

r - r- 

Sic, = — J, , (6) 

where Via = P^^ and = Pj^ Eq,, these can be now written as 

A P 



where Ei = J2a 

the total CP asymmetries. In the last expression one can see 
that the first term is the usual contribution due to a different decay rate into lepton and 
anti-leptons and the second is the additional contribution due to a possible different flavor 
composition between and CP\l[). 

Taking into account only decays and inverse decays with proper subtraction of the 
resonant contribution from AL = 2 and AL = processes [TOl [m |15] , the set of effective 
classic Boltzmann equations valid in the fully three-flavored regime can be written as 

^ = -A(iV^,-iV^^) (^ = l,2,3) (8) 



dz 



where z = Mi/T and where we indicated with Nx any particle number or asymmetry 
X calculated in a portion of co-moving volume containing one heavy neutrino in ultra- 
relativistic thermal equilibrium, so that N'^,{T ^ Mj) = 1. Defining Xj = M^/Mf and 
Zi = z the decay factors are given by 

D,^^=K,x,z (-) , (9) 



Hz \% 

where H is the expansion rate. The total decay rates, i = Fj + Fj, are the product of 
the decay widths times the thermally averaged dilation factors (l/7j), given by the ratio 
lCi{zi) / lC2{z,i) of the modified Bessel functions. The equilibrium abundance and its rate 
are also expressed through the modified Bessel functions, 

N2{z,) = ]^zllC,{z,) , ^ = -^^'^i(^^)- (10) 

Finally, the inverse decays wash-out terms are given by 

W^i°(^) = ^ir,yi-/Ci(z,)^f. (11) 

We are neglecting the non resonant contributions from AL = 2 and AL = processes, 
a good approximation for Mi ^ 10^'' GeV (m^^^jj/ m^), as we will always consider. 
We are also neglecting AL = 1 scatterings [331 EH ESI [IZ], giving a correction to a level 
less than ~ 10% [5] and spectator processes [3S1 EZj that, at least for a hierarchical 
heavy neutrino spectrum, produce a correction to a level less than ~ 30% [371 [H] • In 
the degenerate limit it cannot be excluded that the effect of spectator processes is more 
relevant and further studies are required. We are also neglecting thermal corrections |10j . 
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that can give relevant (though with big theoretical uncertainties) corrections in the weak 
wash-out regime but negligible ones in the more important strong wash-out regime. 
The evolution of the N^^s can be worked out in an integral form, 



NU^) = Nl^e-^^ + ... nUz) , (12) 

i 

with the 9 efficiency factors given by 

...(.; ir., Pi) = - r dz' ^ e-^- f^' ^^"^^°(^") . (13) 

The total final B — L asymmetry is then given by N^^-l ~ Y2a ■ Fi^^^illy, assuming a 
standard thermal history and accounting for the sphaleron converting coefficient a^pii ~ 
1/3, the final baryon-to-photon number ratio can be calculated as 

VB = asph ^ 0.96 X 10-2 iVi_^ , (14) 

7 

to be compared with the measured value [38] 

r;CMB ^ (Q 1 ± 0.2) X 10-1° . (15) 

Notice that the efficiency factors depend only on the but not on the differences APjQ,. 
Notice also that, in the two-flavor regime, the individual electron and muon asymmetries 
are replaced by one kinetic equation for the sum, A^a^^ = N^^+N^^, where the individual 
flavored CP asymmetries and projectors have also to be replaced by the their sum, namely 
Eie+fj. = ^ifi + £ie and Pie+fj, = + Pie [E] • The calculation is therefore somehow 
intermediate between the one-flavor approximation and the three-flavor regime, though 
the results are very similar to the three-flavor regime [9]. 

The flavored CP asymmetries are given by the following expression [26] 



where 



'(16) 



lQn{h^hhj^] L a^ ...J 3(x,M-l) 



'1 + x) In 



1 -|- a;\ 2 — a; 



;i7) 



X J 1 — X 

A parametrization of the Dirac mass matrix, particularly fruitful within leptogenesis, is 
obtained in terms of the see-saw orthogonal matrix Q 

mn = UDl/^nD]i\ 



where we defined D„i = diag(mi, m2, ma) and Dm = diag(Mi, M2, M3). The matrix U 
diagonalizes the light neutrino mass matrix m^, such that [/^ rrij, U* = —Dm, and it can 
be identified with the lepton mixing matrix in a basis where the charged lepton mass 
matrix is diagonaL Moreover, neglecting the effect of the running of neutrino parameters 
from high energy to low energy [39], one can assume that the U matrix can be identified 
with the PMNS matrix, partially measured in neutrino mixing experiments. For normal 
hierarchy we adopt the parametrization 



U 



C12 Ci3 

-S12 C23 - C12 S23 Si3 e 



iS 



■S12 Ci3 

C12 C23 - S12 S23 Si3 e 



iS 



\ ■S12 S23 — C12 C23 <Si3 e* — C12 S23 — <Si2 C23 Si3 e* 



S23 Ci3 
C23 Cl3 / 



xdiag(e' ' 



1), 
(19) 



where s,- 



sin 6ij , Cjj 



6ij and, neglecting the statistical errors, we will use 612 = tc/Q 
and 023 = 7r/4, compatible with the results from neutrino mixing experiments. Moreover, 
we will adopt the 3a range S13 = — 0.20, allowed from a global Su analysis for unitary 
U [31], an approximation that holds with great precision in the see-saw limit with Mj ^ 
100 GeV. Within the convention we are using, mi < m2 < WI3, the case of inverted 
hierarchy corresponds is obtained performing a cyclic permutation of columns in the 
PMNS matrix parametrization Eq. f[T^ . such that the i-th column becomes the (i + 1)- 
th. Since we are interested in understanding whether a non-vanishing Dirac phase can 
be the only source of CP violation for successful leptogenesis, we will set the Majorana 
phases to zero. We will comment later on the effects of turning on the Majorana phases. 

It will also prove useful to introduce the following parametrization for the see-saw 
orthogonal matrix. 



fi(a;2i,a;3i,a;32) = -Ri2(t^2i) Rni^^si) -^23(^32) 



(20) 



where 



-UJ2-1 



1 

"21 



V 



( / 



1 / 



1 



/ 1 



, R23 = 



\ 



■'32 -^^32 





\ "32 \/l - "32 / 



(21) 

Notice that, using the orthogonal parametrization, the decay parameters Ki can be ex- 
pressed as linear combinations of the neutrino masses [HI [8] 



i^. = - = E-|^?^l' (22) 
j 

where fhi = {rn'^m£))ii/Mi are the effective neutrino masses [31] and where is the 
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equilibrium neutrino mass [8] given by 

Barring huge phase cancellations and special forms for Q, typically the Ki^s span within 

the range [Ksoi, -^atm] where i^soi = rrisoi/m^ = 8.2 ± 0.2 and i^atm = rn^tm/rrii, = 48 ± 2. 

Before entering into a detailed analysis focusing on (5-leptogenesis, we want to discuss 

some general features concerning the fully flavored regime and in particular the possibility 

to have important deviations from the unfiavored case. For definiteness and simplicity, we 

refer to the two-flavor case within the A^^i -dominated scenario, so that N^b-l — ^ir + 
f 

Consider first the 'democratic case', where APia = and Pi^- = Pie+fi = 1/2. Sum- 
ming the two equations for a = t and a = e + fi one obtains a closed equation for 
the total asymmetry where the only effect compared to the unfiavored case is that the 
wash-out is reduced by a factor two and the final asymmetry is obtained by replacing 
Ki — > Ki/2. Therefore, in the strong wash-out regime {Ki ^ 1), since oc K^^''^ [i2] . 
one has approximately a factor two enhancement. Let us now consider P^^ < P°^, still 
with APia = 0. Since approximately oc (-P^q,)"^'^ and at the same time eia oc P^^,, one 
has that the final asymmetry stays approximately constant compared to the democratic 
case with the two contributions from the /i and r flavors comparable with each other. 
Therefore, for vanishing APi^, flavor effects produce just 0{1) corrections compared to 
the unfiavored approximation. 

This conclusion changes when non-vanishing APiq, are considered. In this case there 
are two remarkable possibilities. 

The first possibility is the so called one-flavor dominated scenario, relying on the 
fact that, for P^^ 0, one has max(APia) oc ^/P^ [17J. Therefore, considering now 
for example Pir ^ Pie+ii — 1, one has that the asymmetry in the tauon flavor eir hit oc 
(Pf^)""'^, showing that there can be a large enhancement compared to the unfiavored case 
in the strong wash-out regime. This brings to a strong relaxation of the lower bounds 
on Ml and T^eh at i^i ^ 1, though, as we already said, not to a relaxation of the usual 
lowest bounds at — > or at Ki ~ K^. It should also be said that, as shown in |25j . 
the applicability of the one-flavor dominated scenario is strongly limited by the condition 
of validity of the fully flavored regime Eq. ([3]). 

The second possibility relies on the observation that, contrarily to ei, the APiq,'s de- 
pend on the low-energy phases as well and, even though ei = 0, they do not vanish if 
the Dirac or the Majorana phases do not vanish. Therefore, one can have a final asym- 
metry originating just from low-energy phases [15]. This scenario represents, potentially, 
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the most important novelty introduced by flavor effects compared to the unflavored pic- 
ture and in the following Sections we will study it in detail, focusing on the case of 
5-leptogenesis, when only the Dirac phase is switched on while Q is real and the two 
Majorana phases vanish. 

Before concluding this Section, we want to notice that one can have Ei = not only 
when the see-saw orthogonal matrix is real, but also when the absolute neutrino mass 
scale increases [inj. In this way, the low-energy phases can play an important role in 
circumventing the upper bound on the neutrino masses holding in the unflavored regime 
[l3t Hj. It is however still to be assessed whether the fully flavored regime can offer a 
sufficient description to solve this issue. In [16j the bound was found to be completely 
nullified by flavor effects. In [25] it has been pointed out how this conclusion relies on a 
extension of the fully flavored regime beyond the regime of its validity given by the Eq. ([3]) . 
In [33] the authors find that in the fully flavored regime, thanks to spectator processes, 
the bound holding in the unflavored regime, even though not nullified, is anyway relaxed 
to mi < 2 eV. 

3 The hierarchical limit 

Let us consider first 5-leptogenesis in the HL, such that M3 > 3 M2 > 3 Mi [5]. In the 
unflavored regime, this assumption typically implies a A'^i-dominated scenario, where the 
final asymmetry is dominated by the contribution from the lightest RH neutrino decays. 



Indeed, in general, in the HL one has two effects. The first effect is that the asymmetry 
production from the two heavier RH neutrinos, N2 and N^, is typically later on washed 
out by the A''i inverse processes and k|, ^ ^i- The second effect is a consequence of 
the fact that the total CP asymmetries vanish in the limit when all particles running in 
the loops become massless and this yields typically l^sl ^ |£:2| 

However, for a particular choice of the see-saw parameters, Q ~ -R23 and mi < m^, the 
contribution to the final asymmetry from the next-to-lightest RH neutrino N2 is not only 
non- negligible but even dominant, giving rise to a A^2-dominated scenario [TT]. Indeed 
for Q ~ i?23 different things happen simultaneously. First, N2, even though decoupled 
from A'^i, is still coupled to and in the HL the total CP asymmetry 62 does not vanish, 
since it receives a non suppressed contribution from graphs where runs in the loops. 
On the other hand, now one has Ei = 0, since A^i is essentially decoupled from the other 




(24) 



a 
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two RH neutrinos. At the same time one also has i^i -C 1, so that the wash-out from A^i 
inverse processes is neghgible. The final result is that \e2i^2\ ^ \^i^2i^\-t2\ ^'^d ^aiaX 
asymmetry is dominantly produced from A^2-decays. 

Therefore, in the unfiavored approximation and in the HL, a condition 1/732 ~ 1 in 
the f2- matrix parametrization (cf. Eq. fl20l) ) is sufficient to have a negligible asymmetry 
production from the two heavier RH neutrinos and to guarantee that the iVi-dominated 
scenario holds. This condition is even not necessary for uii ^ m^, since in this case, 
due to the fact that rhi > mi, one has necessarily i^'i ^ 1 and a wash-out from A^^i- 
inverse processes is anyway strong enough to suppress a possible contribution to the final 
asymmetry produced from Ai'2-decays. 

When fiavor effects are taken into account, the domain of applicability of the A^i- 
dominated scenario reduces somehow. There are two aspects to be considered. 

The first aspect is that the wash-out from A^^i inverse processes becomes less efficient. 
Indeed the projectors Pia can considerably reduce the wash-out of the asymmetry pro- 
duced in the fiavor a from A'"2-decays [45] . This turns the condition mi ^ into a looser 
condition mi ^ m^/Pia. Another effect is that A^i inverse processes can make part of 
the asymmetry produced in N2 decays somehow orthogonal to the the wash-out from A^^i 
inverse processes [121 SS] • Recently, it has been also pointed out that spectator processes 
can lead to a reduction of the wash-out from A''i-inverse processes as well [U] . In this way 
the assumption K2a <^ i^ia is not valid in general. 

The second aspect concerns the flavored CP asymmetries. In the HL, from the general 
expression Eq. (|T6l) . one has 

ei. - i6,('t/,)^^ E^I"^[^:i^-^(^^^)i^]- (25) 
e2a ^ i67r(/.t/^),, I ii^^"^ [hl2ha3{h^h)2s] - -Im [hl,h^iih^h)i2] I , (26) 
^ ^ SnWh) T.i^'^'KshaAh^h),,]}. (27) 

Different comments are in order. The ^iq's, like 5i, vanish for Q = R23 while the e2aS, like 
62, do not. On the other hand, in the HL, the £2a's, contrarily to £2, are not suppressed 
when UJ32 = (a particular example is given hj Q = R12) but, like 62, they vanish for 

^ = -Rl3- 

This observation [9| can also potentially contribute to enlarge the domain of applica- 
bility of the A''2-dominated scenario when flavor effects are taken into account. Another 
interesting observation is that the e^^s, contrarily to £3, do not vanish in the HL. This 



13 



could open the door even to a A^s-dominated scenario, though this is possible only for 
M3 < 10^^ GeV, when flavor effects are effective in decays. 

Therefore, when flavor effects are taken into account, the conditions of applicability 
of the A^i-dominated scenario become potentially more restrictive than in the unflavored 
case. There is a clear choice of the parameters, for Q = R13 and M3 > 10^^ GeV, where 
the A^i-dominated scenario holds. Indeed in this case, in the HL, one has that e2a and £3 
are suppressed. This can be considered somehow opposite to the case fl = R23, where the 
A^2-dominated scenario holds [TTj . 

In general, one can say that the asymmetry produced from the two heavier RH neu- 
trinos is non-negligible if two conditions are satisfied, (i) The asymmetry generated from 
-^2,3-decays at T ~ M2,3 has to be non- negligible compared to the asymmetry generated 
at T ~ Ml from A'^i-decays. This depends on an evaluation of the CP asymmetries 3 
and of the wash-out due to the same iV2_3-inverse processes, (ii) The asymmetry produced 
from A'"2,3-decays has not to be afterwards washed-out by A'^i-inverse processes. Notice 
that this second condition is subordinate to the first condition. 

In the particular case of 5-leptogenesis, one has 62 = = 0. This means that the 
first condition can be satisfied only if M2, M3 < 10^^ GeV and this constitutes already an 
important limitation. In the following, we will consider different particular cases, verifying 
whether the production from the two heavier RH neutrinos can be neglected or not. We 
will find that the situation is actually similar to what happens in the unflavored case 
where, except for the case Q ~ -R23, a A'^i-dominated scenario holds. 

Let us therefore start showing in detail how to calculate the contribution to the final 
asymmetry from A''i-decays. The expression Eq. f|T3|) for the kiq's can be specialized as 



n,^iz; K„ Pi) = - r dz' ^ e-< f^' ^^^(^") . (28) 

From the Eq. ( |T3l) . extending an analytic procedure derived within the one- flavor approx- 
imation [S], one can obtain simple analytic expressions for the K,{aS. In the case of an 
initial thermal abundance (iVjvi =1); defining Kia = Pia^iy has 

«la - f^iKla) = -77 1-6 ^ J , (29) 

where 

ZB{K,^)^2 + 4K°,^'e-^ . (30) 

In the case of initial vanishing abundance {N^^_^ = 0) one has to take into account two 
different contributions, a negative and a positive one, so that 

= f^-iKu PL) + 4(^1. PL) , (31) 
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whose analytic expressions, used to obtain all presented results, can be found in [9]. 

The condition for the validity of the fully flavored regime Eq. ([3]) can be specialized 
and re- cast like 

10^2 GeV , , 

This condition neglects the effect of AL = 1 scatterings and of coherent scatterings, the 
first contributing with inverse decays to preserve the quantum state coherence, the second, 
conversely, in projecting it on the flavor basis [25]. Both of them can be as large as the 
effect from inverse decays. Moreover, in a rigorous quantum kinetic description, it is likely 
that other subtle effects contribute to the determination of the exact value of Mi below 
which the fully flavored regime can be assumed. Therefore, the condition (!32ll should be 
regarded as a very qualitative one. In the plots showing the Mi lower bound, we will then 
distinguish four regions. All plots will be cut at Mi = 10^^ GeV, since above this value, 
according to the condition ([2]), the unflavored regime is recovered and the asymmetry 
production has to switch off. On the other hand, when the condition Eq. fl32l) is satisfied, 
one can expect the fully flavored regime to hold. There is an intermediate regime where a 
transition between the fully flavored regime and the unflavored regime takes place. This 
regime will be indicated in all plots with a squared region. This signals that, even though 
we still show the results obtained in the fully flavored regime, important corrections are 
expected, especially when Mi gets close to ~ 10^^ GeV. Since this region describes a 
transition toward the unflavored regime, where the asymmetry production has to switch 
off, these corrections are expected to reduce the final asymmetry, making more stringent 
the lower bounds shown in the plots. Furthermore, since within current calculation, large 
corrections to the condition Eq. ( !32l) cannot be excluded, we will also indicate, with a 
hatched region, that area where the condition Eq. ( l32l) holds but a very conservative 
condition, 

10" GeV 

does not. In this region some corrections to the presented results cannot be excluded but 
the fully flavored regime should represent a good approximation. 

We anticipate that, in the A''i-dominated scenario, successful leptogenesis always re- 
quires Ml > 10^ GeV, where the two-flavor regime holds. Therefore, considering that we 
are assuming ei = eir + Si^e+^i = 0, the Eq. flMl) can be specialized into 

^LlU, -(«^lT-4e+M)^i- (34) 

showing that, in order to have a non- vanishing final asymmetry it has to be Pf^ ^ ^le+fi- 
The tree-level projectors can be expressed, through the orthogonal parametrization Eq. 
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Ml < TITiDTT-n^ (33) 



UB, like 



that, from the Eq. ( l22l) . also implies 



2 



(36) 



Let us now calculate the flavored CP asymmetry eir from the general expression Eq. 
In terms of the orthogonal parametrization Eq. f|T8l) . this can be re-cast as [TT] 

ria = - V ""i^""'""" Im[[/,, Qhi ^ii] , (37) 

^ mi matm 
/i.< 



where we defined Via = eia/B{Mi), with 

3 Mj m atm 

IGtt f 

For real the Eq. (137|) gets specialized into [T7] 

^m^ m/j (m; - m/^) 



e{M,) = — . (38) 



ri 



-a = - 2^ ^hi ^11 IrciWah U^i\ . (39) 



mi matm 
h<l 



Taking a = t and specifying the matrix elements Uaj-, from the Eq. (JT9l) . one has 



ri, = -!^[Ai2 + Ai3 + A23], (40) 

mi 



where 

Al2 = - ^""^ '"^J^r^ — ^ f^ll ^^21 Im[(Si2 S23 - Ci2 C23 Si3 e 

x(ci2S23 + Si2C23Sl3e-^') 6"^ 



Vmi m2 (m2 - m,) ^ ^ ^ _ ^ .^^ 



atm 



^mim3 (ma - mi) 

^13 = 2 ^^11^^3lC23Cl3lm[(Si2S23 - Ci2C23Si3e )e2 



^atm 



^23 = - ^"^^ 2 ~ ^^21^3lC23Cl3lni[(Ci2S23 + Si2C23Si3e*'')e2*2]. 

'^atm 

In the case of (5-leptogenesis ($i = $2 = 0) these expressions further specialize into 

^mi m2 (m2 - mi) 

-4l2 = 2 "11 "21 S23 C23 A 

^atm 

_ VW^{m3-rm) ^ O ^2 r r A 
/il3 — K iiii ii3i C23 Ci2 Ci3 , 



^atm 

^23 = 2 ii2li^3lC23Si2Ci3 A 

m-atm 
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where remember that A = sin sin 5. 

It is now instructive to make some general considerations. Looking at the expression 
Eq. one can see that, in order for the final B — L asymmetry not to vanish, two 



conditions have to be simultaneously satisfied : sir ^ and ^ ^i,e+n- These two 
conditions are a specialization of the Sakharov necessary conditions to the case of 5- 
leptogenesis. Indeed, the first is the condition to have CP violation and, as one could 
expect, from the expressions found for the terms Ajj, one can have Sir ^ ^ only if 
A 7^ 0. The second condition is a specialization of the condition of departure from 
thermal equilibrium in quite a non-trivial way. Indeed, in the case of 5 leptogenesis, in 
a full out-of-equilibrium situation where only decays are active, no final asymmetry is 
generated since Si = 0, implying that there is an equal number of decays into lepton and 
anti leptons. However, the presence of inverse processes can remove this balance, yielding 
a different wash-out rate for the r asymmetry and for the e + /i asymmetry, such that, if 
e+^, one has a net lepton number dynamical generation. From the expression 
( !36l) . one can see that this is possible independently of the value of the Dirac phase 
that, therefore, is directly responsible only for CP violation and not for lepton number 
violation, exactly as in neutrino mixing, where indeed lepton number is conserved. It 
should also be noticed that the expressed through quantities Im[[/a/j t/^J, that 

are invariant under change of the PMNS matrix parametrization ^81 [23] . Therefore, the 
final asymmetry depends correctly only on physical quantities. 

Maximizing the asymmetry over all involved parameters for fixed Mi and Ki and 
imposing rf^^"^ > rf^^ (cf. (|T^ and (|T5l) ). a lower bound on Mi is obtained [9] 

Ml > Mf^'iKA = , (41) 



where we introduced the quantity 



a 



Ml = ^ = (6.25 ± 0.4) X 10^ GeV > 5 X lO^GeV . (42) 

The last inequality gives the 3cr value that we used to obtain all the results shown in the 
figures. We also defined [9] 

6- E ei., with 6.-^^^, (43) 



^Notice that M\ gives the lower bound on M\ in the unflavored case for initial thermal abundance and 
in the limit K\ — > 0. Because of the improved determination of ry^'^^/matm from the 3 years WMAP data 
[38] and from new data from neutrino oscillation experiments, in particular from the MINOS experiment, 
the error on Mi is halved compared to the previous estimation in [5]. 
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that gives the deviation introduced by flavor effects compared to the unflavored approx- 
imation in the hierarchical light neutrino case (mi = 0). Notice that ri^ oc A, implying 
N^B~L OC A as well. Therefore, the maximum asymmetry is obtained for \6\ = 7r/2 and 
si3 = 0.20. 

The calculation of the contribution to the asymmetry from A'"2-decays proceeds in an 
analogous way. Again this can always be calculated in the two-flavor regime, since, in 
the HL, successful leptogenesis always implies M2 ^ 10^ GeV. Therefore, one can write 
an expression similar to the Eq. flMl) for the contribution to the final asymmetry from 
iV2-decays, 

^LlU, -(4.-4,e+M)^2.. (44) 

The difference is now in the calculation of the efficiency factors that are suppressed by 
the wash-out of the Ni inverse processes. In the HL this additional wash-out factorizes 
and [51 m SS] 

4„~/€(K2a)e-^^i% (45) 

where = -^20 -^2- For the calculation of the tree-level projectors P^a expression 
analogous to the Eq. ( l35l) holds. 

The calculation of the contribution to the final asymmetry from A'^s-decays proceeds 
in a similar way and analogous expressions hold. The only non trivial difference is that 
now, in the calculation of the efficiency factors, one has also to include the wash-out from 
the N2 inverse processes, so that 

4„ ~ k{K3^) e-^ iK,^+K2.) _ (46) 

Notice that in the calculation of {'Aa) we are not including a possible effect where 
part of the asymmetry in the flavor a = e + ^ produced in A^2 (A^s-decays) is orthogonal 
to A"! inverse decays [121 EZ] and is not washed out. This wash-out avoidance does not 
apply to the asymmetry in the r flavor. Therefore, as we have verified, in all cases we 
have considered the effect is negligible, since a r-dominated scenario is always realized. 
Let us now calculate the final asymmetry in some interesting cases. 



3.1 Q = -R13 

The first case we consider is 1) = i?i3, implying ^412 = v423 = in the Eq. (I40l) . As we 
said already, it is easy to check from the Eq. fl26|) that = and therefore there is no 
asymmetry production from A'2-decays even if M2 < 10^^ GeV. On the other hand, one 
obtains 

r3T = ~ V^i ^3 ("-^3 — ^ \/l - c^li C12 C23 Ci3 A , (47) 

3 1713 "^atm ^ 




Figure 1: Dependence of different quantities on Ki for mi/matm = 0.1, S13 = 0.2, 5 = 
—tt/2 and real Q = R13 with u^i < 0. Left panel: projectors P^^ and ri^; central 
panel: and ^1 as defined in Eq. fj43l) for thermal (thin) and vanishing (thick) initial 
abundance; right panel: lower bound on Mi for thermal (thin solid) and vanishing (thick 
solid) initial abundance compared with the one-flavor approximation result (dash-dotted 
line) obtained for complex Q = Ri^. In the squared region the condition Eq. (132!) is not 
satisfied and in the hatched region even the more conservative condition Eq. (!33|) is not 
satisfied. The dotted lines (thick for vanishing initial abundance and thin for thermal 
initial abundance) correspond still to a real Q = R13 but this time 6 = while the only 
non vanishing low energy phase is the Majorana phase $1 = —tt/2. 

essentially the same expression as for ri^- but with rhi replaced by rhs. Therefore, for 
M3 < 10^^ GeV, one has to worry about a potential non-negligible contribution from N3 
decays. However, when the wash-out from A^^i and N2 inverse processes is taken into 
account, see Eq. fH6l) . we always find that the contribution from A^3-decays is negligible 
and the A'^i-dominated scenario holds. 

The results are shown in Fig. 1 for S13 = 0.20, 6 = — 7r/2 and wii/matm = 0.1, a 
choice of values that approximately maximizes the final asymmetry and yields the lower 
bound M™™(i^'i). In the left panel we show the tree level projectors and the ri^s. 
It can be seen how for Ki ^ 10 one has P^^ ~ Pie+^ — V^? while for Ki ~ 10 one 
has Pi^ ^ Pi,e+tJ,- central panel ^1 and the ^la's are plotted and one can see how 

for i^i ~ 10 a r-dominance is realized. Finally, in the right panel, we show M^^^{Ki) 
and we compare it with the lower bound in the unflavored approximation obtained for 
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Q = i?i3 (in this case fl cannot be real) [TT]. One can see how, at Ki ^ 10, the 
asymmetry production rapidly dies, so that — > and M™™(i^i) oo. Notice that we 
plotted the lower bound both for initial thermal A'^i-abundance and for initial vanishing 
iVi-abundance. We also indicated K^, defined as that value of Ki such that for Ki > 
the dependence on the initial conditions can be neglected and the strong wash-out regime 
holds. One can notice that the intermediate regime between a fully flavored regime and 
the unflavored regime, the squared area, is quite extended. In this regime corrections to 
the results we are showing, obtained in the fully flavored regime, are expected, in a way 
that the unflavored regime should be recovered for Mi 10^^ GeV. In this limit the 
asymmetry production has to switch off and therefore one expects that the lower bound 
on Ml has to become more restrictive and eventually, for Mi — * 10^^ GeV, the allowed 
region has to close up. Therefore, one can see that there is no allowed region in the 
strong wash-out regime. The hatched area, where corrections cannot be excluded within 
current theoretical uncertainties, cuts away almost completely any allowed region even in 
the weak wash-out regime. In conclusion, the allowed region where one can safely rely on 
the fully flavored regime according to current calculations, is very restricted and conflned 
only to a small region in the weak wash-out regime. 

3.2 M3>10i4GeV 

The second case we consider is the limit M3 ^ 10^^ GeV. In this limit one has necessarily 
mi <^ msoi, implying 1713 ~ matm, and also [49], [50l [51] 

/ 1 \ 

n= y/l - Ql-^ . (48) 

V 1^31 \A^% / 

Notice that this particular form of Q corresponds to set UJ32 = 1 and 0021 = 1 in the Eq. 
(1211) . Now in the expression for ri^- (cf. Eq. f l40p ) one has A12 = Ai^ = and therefore 

nr ^ ^ f 1 - ^31 J I - nl 4 Ci3 .12 A . (49) 

If M2 > 10^^ GeV, there is no contribution from the next-to-lightest RH neutrino decays 
anyway, since these occur in the unflavored regime where 62 — 0. On the other hand, 
if M2 < 10^^ GeV, then one has to worry about a (flavored) asymmetry generation from 
iV2-decays. A calculation of 620 shows that the flrst term in the Eq. fl26|) vanishes while 
the second term gives 



2 matm / m,2 I , _m2 

m. 
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r2r = --^J^ 1 -] ^^31 Vl-f^ilC3 5l2A. (50) 
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Figure 2: Plots as in Fig. 1 but for the case M3 ^ 10^^ GeV, corresponding to the special 
form of Q in the Eq. pHj) . Here we are moreover assuming M2 > 10^^ GeV, normal 
hierarchy. The lower bound M^^^{Ki) is obtained for uj^i > and 6 = tt/2. 



This is an example of how the second term in the Eq. (1261) is not suppressed in the 
HL like the first term. However, like for the contribution from A^3-decays in the case 
Q = i?i3, when the wash-out from A'^i-inverse processes is taken into account one finds 
^b-l\n2 ^ ^^b-l\ni ^ A''i-dominated scenario is realized anyway. 

Notice that there is a strong dependence whether one assumes a normal or an inverted 
hierarchy. For normal hierarchy the results are shown in Fig. 2 for 0031 > and 6 = 7t/2. 
For inverted hierarchy the asymmetry is so suppressed that there is no allowed region. 
This means that for any choice of the parameters one always obtains M™™ > 10^^ GeV. 

Notice that results for 5-leptogenesis, in this particular case where M3 ^ 10^^ GeV, 
have been recently presented in [23] for vanishing initial A^^i abundance. For example in 
[23] the authors obtain a lower bound sin^^i3 > 0.09 imposing the existence of an allowed 
region for Mi < 5 x 10^^ GeV while we would obtain sin6'i3 > 0.05. The difference is 
probably due to a (~ 30%) more conservative lower bound that we are using on Mi (see 
Eq. ( H2|) ). a difference in the employed value of m^, (see Eq. (I23l)). only partly understood 
in terms of the different convention for the Higgs v.e.v v. There is also a difference in 
the employed efficiency factor in the strong wash-out regime that, in our case, is about 
a factor 2 larger. Another likely minor source of difference is that we are not accounting 
for the effect of spectator processes encoded in the matrix A that relates the B/3 — 
asymmetries to the asymmetries [12j. However, notice that here we do not want to 
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emphasize too much a precise value of this lower bound on sin^ia, since we believe this 
is anyway affected by much larger theoretical uncertainties on the validity of the fully 
flavored regime. It is however a good way to compare our results with those presented in 

m- 



3.3 n = Ri2 

The third case we consider is = Ru- This time one has = A23 = in the Eq.( l40|) . 
In the case of normal hierarchy the CP asymmetry, compared to the case Q = R13, 
is suppressed by a factor {msoi/rrii^t^)^^^, while it is essentially the same for inverted 
hierarchy. The projectors present very similar features to the case Q = R13. One can 
also again calculate, for M2 < 10^^ GeV, the contribution from A''2-decays to the final 
asymmetry and again one finds that the first term in the Eq. fl26l) vanishes, while the 
second produces a term oc Mi, so that 

2 y/mim2 (ms - mi) f - 

r2T = - U;21 V 1 - ^^21 ■523 C23 A . (51) 

3 1712 "^atm ^ 

When the efficiency factors are taken into account, one finds that only in the case of normal 
hierarchy the contribution to the final asymmetry from iV2-decays can be comparable to 
that one from A''i-decays. However, in this case both productions are suppressed and 
there is no allowed region anyway in the end. In the case of inverted hierarchy, the 
contribution from A'"2-decays is always negligible compared to that one from A^i-decays. 
Notice, moreover, that e^a = and therefore there is no contribution from Ai's-decays. 
In conclusion, for Q = R12, the lower bound on Mi for normal hierarchy is much more 
restrictive than in the case Q = R13, while it is very similar for inverted hierarchy. A 
production from the two heavier RH neutrinos can be neglected and the A'^i-dominated 
scenario always holds when the asymmetry is maximized. 



3.4 n = R23 

The last interesting case is = -R23- From the Eq. ( 1371) one can easily check that sia = 0. 
One can also easily check that, contrarily to the case Q = R12, the second term in the Eq. 
(l26l) vanishes while the first term does not and yields 

e2r _ ^/mrm - 1712) 



= i(M2) = '"^^ V 1 - '^32 ^12 C23 C13 A . (52) 

Notice that this time e2T oc M2 and actually, more generally, one can see that this expres- 
sion is obtained from the Eq. ( I40l) for ri^ in the case VL = i?i3, just with the replacement 
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Figure 3: Dependence of different quantities on K2 for mi = 0, S13 = 0.2, 5 = 7r/2 and 
real fl = R23 with 1^32 > 0. Left panel: projectors and quantities r2^; central panel: 
and ^2 for thermal (thin) and vanishing (thick) initial abundance; right panel: lower 
bound on M2 for thermal (thin solid) and vanishing (thick solid) abundance compared 
with the one- flavor approximation result (dash-dotted line) as obtained in 

(Ml, fhi) {M2, fh2). At the same time one has Ki = mi/m^ so that the wash-out from 
A^i-inverse processes vanishes for mi —>■ 0. For M3 < 10^^ GeV one has to worry about 
a possible contribution to the asymmetry also from Ai"3-decays. A straightforward calcu- 
lation shows that e^a = (2/3)e2a and therefore an asymmetry is produced at T ~ M3. 
However, we verified, once more, that the wash-out from A^2-inverse processes is always 
strong enough that the contribution to the final asymmetry from A'^s-decays is negligible. 

In complete analogy with the unfiavored case pjj, one has that the lower bound 
M™™(A'i) is replaced by a lower bound M™™(i^2) obtained for 1^732 > and shown in 
the right panel of Fig. 3. One can see that also in this case, within the validity of the 
condition Eq. fl32l) . the allowed region is constrained to a small portion falling in the 
weak wash-out regime. Assuming the very conservative condition of validity for the fully 
flavored regime, outside the squared and hatched regions, there is no allowed region even 
in the weak wash-out regime. 

One can wonder whether there is some choice of Q, beyond the special cases we ana- 
lyzed, where the final asymmetry is much higher and the lower bound on Mi much more 
relaxed, especially in the strong wash-out regime. We have checked different intermediate 
cases and we can exclude such a possibility. Therefore, the lower bound shown in Fig. 1 
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has to be considered, with good approximation, the lowest bound for any choice of real 
Q. 

Another legitimate doubt is whether, going beyond the approximations we made, the 
lower bound in Fig. 1 can be considerably relaxed. However, the inclusion of non resonant 
AL = 2 or AL = 1 scattering does not produce large corrections. Recently the effect of 
the off-diagonal terms in the A matrix has been considered, but it has been shown that 
it does not produce any relevant change in the final asymmetry [18j . 

Relevant corrections, as already pointed out, can come only from a full quantum 
kinetic treatment, that should describe accurately the transition between the unfiavored 
regime and the fully flavored regime. 

The same kind of considerations holds for the Ai"2-dominated scenario, realized for 
^ = -^23- As soon as Q deviates from R23, the wash-out from A^^i inverse processes comes 
into play suppressing the final asymmetry and at the same time gets also suppressed. 
Therefore, the lower bound on M2 is necessarily obtained for Q = R23 in complete analogy 
with the unfiavored approximation 

In conclusion (5-leptogenesis in the HL is severely constrained, confirming the con- 
clusions of [9] and pT]. In particular, imposing independence of the initial conditions, 
then not even a marginal allowed region seems to survive. Notice moreover that all plots 
have been obtained for S13 = 0.2, the current 3 a upper bound value. Assuming that 
for values of Mi above the condition Eq. ( l32l) the unfiavored regime is quickly recovered 
and therefore that the asymmetry production quickly switches off, then a one-order-of- 
magnitude improvement of the upper bound on sin 613 would essentially completely rule 
out 5-leptogenesis in the HL, even the marginally allowed regions falling in the weak 
wash-out regime. 

Therefore, in the next section, we will consider the effect of close heavy neutrino 
masses in enhancing the CP asymmetries and relaxing the lower bounds on Mi , M2 and 
the related one on Treh- In the end of this section we want to mention that in the more 
general case of real Q with non- vanishing Majorana phases, an upper bound mi < 0.1 ev 
has been obtained in the fully flavored regime [21]. This bound clearly applies also to 
(5-leptogenesis, but in this case, considering the results we have obtained and the expected 
quantum kinetic corrections to the fully flavored regime, the issue is actually whether an 
allowed region exists at all in the HL, even for mi = 0. Therefore, we do not even try to 
place an upper bound on mi in the HL. In the next section, we will show that actually 
for (5-leptogenesis an upper bound on mi holds even in the resonant limit, where the CP 
asymmetries are maximally enhanced. 
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4 The degenerate limit 



In this section we show that going beyond the HL the lower bound on Mi (or on M2) 
can be considerably relaxed. Nevertheless, we will see that some interesting constraints 
on the involved parameters still apply. For simplicity, we can assume a full three-flavor 
regime holding for Mi (or M2) ^ 10^ GeV, when also the muon- Yukawa interactions are 
faster than inverse decays. Therefore now, when we sum over the flavor index, it has 
to be meant a = e, fi, r. This assumption simplifies the calculation, since we do not 
have to describe a transition between the two and the three-flavor regime and because we 
can completely neglect the effect, envisaged in [T2l [37] , for which part of the asymmetry 
produced from Ai'2-decays is not touched by A''i-inverse decays. Indeed in a two-flavor 
regime, even though in the HL we have found that this effect is negligible in all cases 
we considered because a r-dominance is always realized, in the DL it can become more 
relevant because the asymmetry is not necessarily produced dominantly in the r-flavor. 
In order to go beyond the HL, it is convenient to introduce the quantities 



We are interested in the degenerate limit (DL), where at least one 6ji is small enough that 
both the asymmetry production from decays and the wash-out from inverse processes 
of the Ni^s and of the A'^'s can be approximately treated as if they occur at the same 
temperature, so that they can be simply added up. The DL is a good approximation for 
^ 0-01 ^^■ If ^5 J 7^ 3 and M3 ^ M2 ~ Ml then one has a partial DL and in this case 
the efficiency factors can be approximated, for thermal initial abundance, as [5j 



In all considered cases, it will be always verified Ki^ + Kj^ ^ 1 , so that the strong wash- 
out regime always applies and there is no need to consider the case of initial vanishing 
abundance. Another possibility is to have a partial DL with so that Mi <^ M2 ^ 

M3. In this case one has to take into account the wash-out from the lightest RH neutrino 
and therefore 




(53) 




(54) 




K{Kia + Kjo) e 



- — K^ 



(55) 



Finally, in the full DL, one has Mi ~ M2 ~ M3 and 



K 



la 



■2a 



'3a — 



K{Kia + K2a + -ft'sa) ■ 



(56) 
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Let us now calculate the flavored CP asymmetries. In the case of real fl, implying real 
(/i^ h)ij = {h)h)ji, the general expression Eq.'s (fT6|) can be conveniently specialized as 



3 

{h^h)ij Im [/i*, h^j] 



(57) 



^/xj/xi 3{xj/xi-l) 
In the DL one has approximately ^{xj/xi) ~ 1/(3 and consequently 

~ s-nihmu ^ ^"•'■^ ^^^^ 

We can again express the neutrino Yukawa coupling matrix through the orthogonal rep- 
resentation. This time the presence of the factor does not allow to remove the sum on 
j, as it has been possible in the HL in order to derive the Eq. (!37|) . However, considering 
the same special cases studied in the HL, only one term j ^ i survives and we can write 

2e{Mi) ^ nin^m^i^ n rn n n n it \tt* tt i 

Sic, ^ 2^ ^ni ^nj [^M ^Ij " ^hj\ Im[f/„;, f/^/J . (59) 

■' n,h<l 

The same expression holds for Sja simply exchanging the i and j indexes. We can always 
choose j > i, so that Mj > Mi. In all the particular cases we will consider it is realized 
£ka = 0, for k 7^ i,j, and moreover the following simplifications apply: 



mn ^ni ^nj = {rrig - nip) Qji Qjj and ^ y/m^Tm [Vthi Qij - Qu Qhj] = ^ 

n h<l 

(60) 

with q > p. Except for M3 ^ 10^^ GeV, in the other cases one has q = j and p = i. The 
final asymmetry can then be expressed as 

^B-L - y2 + ^^'"^ l^iiKia + Kja, Kka) = ^("^1' ^i^' ^13, S) A , (61) 



where 



J^^iJ-^j '"'atm * 

X E '^^(^- + ^^") (62) 

and where n^^^Kia + -ft'ja, Kka) = /«L = /tja is given by one of the three expressions Eq. 
(IMl) . Eq. (I55l) or Eq. (I56l) . according to the particular case. It is interesting to notice 
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that in the full DL the expression (156|) holds and as a consequence of the orthogonality 
of Q, one has 

Klc. + K2a + Ksa = y^— If/a^r . (63) 

k * 

In the degenerate limit, since U is unitary, this quantity tends to m/m^^, independently 
of the flavor, and therefore the sum on the flavors in the Eq. (l62l) tends to vanish. This 
will contribute, as we will see, to place a stringent upper bound on the absolute neutrino 
mass scale in the full DL. 

It is also worthwhile to notice that the sign of A cannot be predicted from the sign 
of the observed final asymmetry, since the sign of g{mi,Qji,9is,6) depends on the sign 
of flji that is undetermined. Notice also that lm[U*f^Uai]/ A does not depend on A but 
nevertheless there is a dependence of g{mi,Qji, 61^,6) on 6 and on 613 coming from the 
tree level projectors P^^ in the sum Ki^ + Kj^. However, in any case, for A ^ one 
has g{mi, Qji, 613, 6) A 0, since the final asymmetry has to vanish when sin ^13 or sin 5 
vanish. 

The function \g{mi,Qji,6i3,6)\ can be maximized over Qji. Indeed for mi = 0, since 
K < 1 and Ki + Kj < Katm, one has g{mi = 0, i^j, ^13, 5) < 4. Increasing mi there is a 
suppression due to the fact that Ki > rrii/m^ and 5'max("^ij ^13, decreases monotonically. 
Therefore, for any mi, there is a lower bound on Mi given by 

Ml > Mr (mi, ^13, S) ^ ^ . (64) 

The CP asymmetries, and consequently the final asymmetry, are maximally enhanced 
in the extreme case of resonant leptogenesis [271 ES] when the heavy neutrino mass 
degeneracy is comparable to the decay widths. This implies approximately to have 
^res de{Mi)/3 with d = 1 10, that would correspond to have ei = l/d in the unfla- 
vored case with maximal phase. This can be taken as a conservative limit that implies, 
maximizing over S, a lower bound 

^ CMBjyrec 

sin ^13 > sin ^5"'" = — f^— — . (65) 

asphmax5[5(max("^i,t'S™,c)) sm^)J 

Notice that, within the validity of perturbation theory, one cannot specify which is the 
exact value of d, that means the value of 6ji above which the expression for the CP 
asymmetries given in the Eq. (!25l) are valid [52] and therefore there is an uncertainty in 
the calculation of the maximum enhancement of the asymmetries in the resonant regime. 

Let us now specialize the expressions for the four special cases we have already analyzed 
in the HL. 
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10" 



NORMAL HIERARCHY 



10"- 



Kso|1 



Figure 4: Case M3 ^ 10^^ GeV for normal hierarchy in the DL. Plot of the function 
\g{Ki,6i3,6) \ in the limit A ^ 0. The maximum gives the lower bound on Mi (see Eq. 
(EZ])) and on sin ^13 (see Eq. (|69l)). 



4.1 M3> 10^4 GeV 

Remember that in this case one has {h'^h)^^ = implying £30, = 0, a consequence of the 
fact that the heaviest RH neutrino decouples. Moreover mi <^ ttIsoi, such that terms 
oc mi can be neglected, m^ ~ "nT-atm and 777-2 — "^soi for normal hierarchy or 7712 — 
"^atmA/l — ""^soi/^^atm inverted hierarchy. Therefore, there is actually no dependence 
on TTii in g{mi, Qji, 613, 6) that we can indicate simply with g{Qji, 613, S) and that is given 
by the expression (162|) with = (1,2) and {p,q) = (2,3) or explicitly 



2 {Ki + K2) i^atm A m2 \ 



g{n,i,ei3,6) ^ ^.-^y-^.-^^^^ 1-^ J^n,iJi-n 



K1K2 V "^atm/ V 



77I2 



^atm 



'21 



K(iri„ + K20) — -. (66) 

a 

In the case of normal hierarchy |(yf(fi2i, ^'13, 5)| slightly decreases when A increases and 
so the maximum is found for A = and in this case the dependence on ^13 and on 5 
disappears. Replacing VL21 with Ki, in Fig. 4 we have plotted \g{Ki, /S. = 0)| for central 
values of m^oi and TTiatm- Including the errors, one finds g^^x — 0.160 ± 0.005. 

The (3cr) lower bounds on Mi for normal hierarchy, from the general expression (!64|l . 
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is then given by 

r 

Ml > 0.9 X 10^° GeV ^ . (67) 

In the case of inverted hierarchy the situation is somehow opposite, since for ^^13 = the 
electron flavor contribution vanishes in the Eq. fl66l) and there is an exact cancellation 
between the r and /i contributions. Consequently, the asymmetry increases for increasing 
values of 613 and thus the maximum is found for sin6'i3 = 0.2 while 5 ~ 7r/4. In this case 
one has that maxg-^.^^s[guiax{mi = 0,6*13, 5) A] ~ (9 ± 2) x 10~^, that plugged in the Eq. 
(IMl) gives at So- 
Mi > 6 X lO^^GeV^si- (68) 

It should be remembered that these conditions have been obtained in the three-flavor 
regime and in the DL and therefore are valid for Mi < 10^ GeV. This implies 521 ^ 
10~^ |A| for normal hierarchy and S21 ^ 10~^ for inverted hierarchy. 

Analogously the general expression fl65p gives, for normal and inverted hierarchy re- 
spectively, the following (3cr) lower bounds on sin 6*13: 

sin ^13 > 3.3 X 10"^ d and sin ^13 > 0.06 d. (69) 



4.2 n = Ri3 

In this particular case, the next-to-lightest RH neutrino is decoupled from the other two 
and this implies that = for any a and that the ^la's do not depend on M2, in 
particular they do not get enhanced if ^21 0. Therefore, one has necessarily to consider 
"^si ^ 0.01, implying a full DL with all three degenerate RH neutrino masses. The 
function (7 (mi, Qji, 6*13, 6) is now obtained from the general expression (162|) for j = g = 3 
and i = p = 1, or explicitly 

/ n a x\ - 2 fsTatm (i^i + ^3) (m3- mi) ^7713 mi f — 

^(mi,fi31,^13,5) = TF-^ 2 1^31 V 1-^31 

X y: <Ki^ + + K,^) . (70) 

a 

It is interesting to notice that in this case an e-dominance is realized. Moreover, one has 
that the dependence of |5'(mi, ^31, 6*13, 5)1 on ^13 and 5 is slight and the maximum is again 
for A = and for mi = and one finds (7max(0) = 0.24 ± 0.01 for normal hierarchy and 
5'max(0) = (3.1 ±0.2) X 10^^ for inverted hierarchy, so that the general expression (l64l) for 
the lower bound on Mi gives, at 3cr for normal and inverted hierarchy. 

Ml > 5.5 X 10^ GeV ^ and Mi > 5 x lO" GeV ^ , (71) 
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Figure 5: Case = R13 in the full DL. Lower bound on sin6'i3 versus mi obtained 
in resonant leptogenesis for d = 1 (solid line) and d = 10 (short-dashed line). Values 
sin6'i3 > 0.20 are excluded at 3 a by current experimental data. 

while the general expression (!65|l in resonant leptogenesis gives 

sin > 2.3 X 10"^ d and sin ^13 > 1.5 x 10"^ d . (72) 

Increasing mi, the value of 5'max('^i) decreases and the lower bound on sin 6^13 in resonant 
leptogenesis becomes more and more restrictive. This dependence is shown in Fig. 5 
both for normal (left panel) and inverted (right panel) hierarchy and for d = 1 (solid line) 
and d = 10 (short-dashed line). Very interestingly, imposing the experimental (3cr) upper 
bound sin6'i3 < 0.20, one obtain the upper bound mi < (0.2 — 0.4) eV, depending on the 
value of d. This upper bound will become more stringent if the experimental upper bound 
on sin ^13 will improve, as expected in future experiments in the case of no discovery. The 
most stringent experimental upper bound that can be hopefully reached in future with 
neutrino factories is approximately sin^^i3 < 10^^ [53j. This asymptotical upper bound is 
also shown in Fig. 5 and would imply an upper bound mi < (0.05 — 0.1) eV for normal 
hierarchy and mi < (0.03 — 0.08) eV for inverted hierarchy. Therefore, an interesting 
interplay between two measurable quantities is realized and this makes (5-leptogenesis 
falsifiable independently of the RH neutrino mass spectrum. 

In the more conservative case of normal hierarchy, see left panel of Fig. 5, a good 
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Figure 6: Case = Ru in the partial DL. Lower bound on sin 6is versus mi obtained in 
resonant leptogenesis. Same conventions as in the previous figure. 

approximation is given by the fit 

mi < 0.6 (sin ^13 - 2.3 x lO"^)"-^^ eV . (73) 

It is interesting that this upper bound holds in the extreme case of resonant leptogenesis 
and therefore holds for any RH neutrino spectrum. However, we have to verify whether 
it holds also for a different choice of Q. 



4.3 n = R12 

The situation for Q = R12 is quite different compared to the previous cases. Now one has 
i = p = 1 and j = q = 2 and it is possible to have both a partial DL with 10^^ GeV > 
M3 ^ M2 — Ml and a full DL. In the first case, the general expression Eq. (!62|) becomes 

9{mi,n2i,ei,,6) = n^i^i-nli 

X Y: <Ki^ + K2.) ^^^^^MA . (74) 

a 

This time the contribution from the electron fiavor vanishes. Furthermore, for normal 
hierarchy, there is an almost perfect cancellation between the /z and the r contribution. 
In the left panel of Fig. 6 we show the lower bound on sin6'i3 versus mi and one can 
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Figure 7: Case ^2 = Ru in tiie full DL. Lower bound on sin^^is versus mi obtained in 
resonant leptogenesis. Same conventions as in the previous figures. 

see how, compared to the previous case Q = Ris, this is much more restrictive. In 
particular, imposing sin ^13 < 0.2, one obtains now a much more stringent upper bound 
nT'i ^ 0.06 eV. On the other hand, for inverted hierarchy, the cancellation between the // 
and the r fiavor does not occur and one has a lower bound on sin ^13, for mi <^ 0.01 eV, 
shown in the right panel of Fig. 6, that is very similar to what has been obtained in the 
case Q = Ris. However, now there is no fiavor cancellation for increasing values of mi, 
because Ki^ + does not tend to a common value like Ylij ^ja- Therefore, one can see 
in Fig. 6 that this time the upper bound on mi is much looser, both compared to normal 
hierarchy and compared to Q = i?i3. 

In the full DL, the fiavor cancellation at large mi occurs and the results are shown in 
Fig. 7. One can see how now for normal hierarchy the upper bound on mi is even much 
more restrictive and, for inverted hierarchy, one has a situation that is similar to the case 



4.4 n = R23 

In this case the lightest RH neutrino decouples and Sia = 0, independently of Mi. There- 
fore, there is no contribution to the final asymmetry from A^i decays. On the other hand 
£2a a-nd £30; do not vanish and therefore there is a contribution from the decays of the two 
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Figure 8: Case = R23 in the full DL. Lower bound on sin6'i3 versus mi obtained in 
resonant leptogenesis. Same conventions as in the previous figures. 

heavier RH neutrinos. Still A^i inverse processes have to be taken into account since they 
contribute to the wash-out. There are two different possibilities. 

In a full DL the wash-out from A^^i inverse decays just cumulates with the wash-out 
from the two heavier. Therefore, this time, in the expression Eq. flB2|) . one has i = p = 2 
and j = q = S and = ^{Kia + + K^a), explicitly 



5f(mi,i232,sm6'i3,smd) = — — iisa -i / 1 - 



K2 K3 m^t^ 

A 



Y: <K,^ + + ^3.) . (75) 



In Fig. 8 we show the dependence of the sin ^13 lower bound on mi. This time there is a 
bigger suppression than in the case Q = R13, both for normal and for inverted hierarchy. 
In the case Mi <^ M2 — M3 one has 

2 i^atm {K2 + K3) (m3 - ma) y/mpfn^ 



g{mi, Q32, sin 6*13, sin 6) = v-^ ' --^j v^:^ ""2' •'-■^••-^ i_ 

K2 K3 m^t^ V 



X J2 <K2^ + Ks.) e-^ "^^MA . (76) 

a 



The dependence of the lower bound on sin ^13 on mi is shown in Fig. 9 for normal 
hierarchy. In this case the upper bound on mi is now slightly less stringent than in the 
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Figure 9: Case Q = i?23 in the partial DL. Lower bound on sin Oi^ versus mi obtained in 
resonant leptogenesis. Same conventions as in the previous figures. 

previous cases. For inverted hierarchy the final asymmetry production is so suppressed 
that there is no allowed region. 

We can conclude this section noticing that these results show that 5-leptogenesis can 
be falsified. In the case of normal hierarchy, the current upper bound sin ^13 < 0.2 
implies mi < 0.1 eV, while, in future, a potential upper bound sin ^13 < 10~^ would 
imply mi < 0(0.01 eV), with a more precise determination depending on the possibility 
of improving the current estimation of the parameter d in resonant leptogenesis. 

5 Lights and shadows of ^-leptogenesis 

The most attractive feature of 5-leptogenesis is that a non- vanishing Dirac phase, the only 
see-saw phase that we can realistically hope to discover in future, acts as the only source 
of CP violation responsible for the matter-antimatter asymmetry of the Universe. We 
think that this feature, despite of the objections that we are going to discuss, provides a 
strong motivation for 5-leptogenesis. 

As we have seen, successful 5-leptogenesis imphes stringent conditions on the RH neu- 
trino masses, something quite interesting since they escape conventional experimental 
information. In particular we have seen that, except for a marginal allowed region in the 
weak wash-out regime, the HL is non-viable. We also observed that a definite conclu- 
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sion on the existence of such a marginal allowed region, requires a full quantum kinetic 
treatment but in any case corrections are expected to shrink this already quite restricted 
allowed region. 

Therefore, (5-leptogenesis motivates models with degenerate RH neutrino masses, with 
the most extreme limit represented by resonant leptogenesis. Even in this extreme limit 
however, imposing successful (5-leptogenesis, interesting conditions follow on quantities 
accessible in low-energy neutrino experiment: sin6'i3, the absolute neutrino mass scale, 
normal or inverted scheme, the Dirac phase itself. Therefore, an interesting aspect of 
5-leptogenesis is that it is falsifiable independently of the heavy neutrino mass spectrum. 

There are some objections to 5-leptogenesis. There is no clear theoretical motivation 
for (5-leptogenesis, more generally to choose a real orthogonal Q matrix. Apparently, 
sequential dominated models [M] could represent an interesting theoretical framework. 
Indeed in [11] it was shown that these models correspond to have an Q matrix that 
slightly deviates from the unit matrix or from all the other five that can be obtained from 
the unit matrix exchanging rows or columns. However, it has been noticed [H |TT] that 
in the limit Im[fi] total CP asymmetries Ei do not necessarily vanish. Therefore, 
in this limit and taking vanishing Majorana phases, one does not necessarily obtain 6- 
leptogenesis. Writing Qfj = \Qfj\exp[i ipij], the correct condition to enforce — is to 
take the limit (fij 0. This is a more demanding limit than Im[i7] — ^ and it is currently 
not motivated by generic sequential dominated models. This limit is not motivated either 
by radiative leptogenesis [29] within the context of the minimal flavor violation principle 
[30] . as recently considered in [55l[28]. Therefore, there is no theoretical justification for 
5-leptogenesis at the moment. 

Another possible objection to (5- leptogenesis is that it cannot be distinguished from 
the general scenario, where all phases are present, even if a non- vanishing Dirac phase 
is discovered. Indeed a Dirac phase would give in this case a subdominant contribution. 
This objection is however related also to the first one. Indeed, since a theoretical model 
motivating 5-leptogenesis is required anyway, one can hope to find some specific prediction 
that makes the model testable and 5-leptogenesis together with it. Dirac phase leptoge- 
nesis would then become distinguishable from the general scenario, though in an indirect 
way. 

This last objection can be also considered within a more particular case where fl is 
still real but Majorana phases are present together with the Dirac phase. It has been 
noticed that the contribution to the final asymmetry from Majorana phases is in general 
dominant compared to that one coming from the Dirac phase [9]. In the right panel of 
Fig. 1 we have compared the result on the Mi lower bound for Q = Ri^ obtained in 
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5-leptogenesis with the result when Im[njj] = S = but $i = —tt/2 (dotted hues). One 
can see that in the second case the lower bound is ~ 2 ^ 3 times more relaxed. This 
result can be easily understood analytically [22] and actually it can be also observed that 
there can be exact cancellations between the contribution to the final asymmetry from 
the Majorana phases and from the Dirac phase. 

The presence of cancellations can be somehow regarded as a limit to 5-leptogenesis 
main motivation, since even though a Dirac phase will be discovered, it is not guaranteed 
that the observed asymmetry can be explained. This objection is however quite weak since 
it would be quite strange if Nature disposed a sufficient source of CP violation but set up 
a second source that exactly cancels with the first one while the observed asymmetry is, 
in the end, explained still by a third one, for example the phases in Q. On the other hand, 
we can say that it would be certainly positive for (5-leptogenesis if in future experimental 
upper bounds on the Majorana phases are placed, for example from PPOu decay, thus 
constraining the contribution to the final asymmetry from Majorana phases [22j. This 
can be also regarded as a further prediction coming from 5-leptogenesis. 

In conclusion, we have studied in detail a specific scenario of leptogenesis that is inter- 
esting especially in view of the many next planned experiments aiming at a discovery of CP 
violation in neutrino mixing. Despite some important remarks and objections, we think 
that 5-leptogenesis realizes a very interesting link between a long-standing cosmological 
puzzle and CP violation in neutrino oscillations, one of the most relevant experimental 
topics in high-energy physics during next years. 

Acknowledgments 

It is a pleasure to thank S. Petcov for discussions during the Neutrino Oscillation Work- 
shop 2006, held in Conca della Specchiulla (Italy). We also wish to thank G. Raffelt for 
interesting discussions and comments. This work was supported, in part, under the Marie 
Curie project "Leptogenesis, Seesaw and GUTs," contract No. MEIF-CT-2006-022950. 

References 

[1] M. Fukugita, T. Yanagida, Phys. Lett. B 174 (1986) 45. 

[2] P. Minkowski, Phys. Lett. B 67 (1977) 421; T. Yanagida, in Workshop on Unified 
Theories, KEK report 79-18 (1979) p. 95; M. Gell-Mann, P. Ramond, R. Slansky, in 
Supergravity (North Holland, Amsterdam, 1979) eds. P. van Nieuwenhuizen, D. Freed- 
man, p. 315; S.L. Glashow, in 1979 Cargese Summer Institute on Quarks and Leptons 
(Plenum Press, New York, 1980) p. 687; R. Barbieri, D. V. Nanopoulos, G. Morchio 



36 



and F. Strocchi, Phys. Lett. B 90 (1980) 91; R. N. Mohapatra and G. Senjanovic, 
Phys. Rev. Lett. 44 (1980) 912. 

[3] V. A. Kuzmin, V. A. Rubakov, M. E. Shaposhnikov, Phys. Lett. B 155 (1985) 36. 

[4] W. Buchmiiller, P. Di Bari and M. Pliimacher, Nucl. Phys. B 665 (2003) 445. 

[5] S. Blanchet and P. Di Bari, JCAP 0606 (2006) 023. 

[6] S. Davidson, A. Ibarra, Phys. Lett. B 535 (2002) 25. 

[7] W. Buchmiiller, P. Di Bari and M. Pliimacher, Nucl. Phys. B 643 (2002) 367. 

[8] W. Buchmiiller, P. Di Bari and M. Pliimacher, Annals Phys. 315 (2005) 305. 

[9] S. Blanchet and P. Di Bari, JCAP 03 (2007) 018. 

[10] G. F. Giudice, A. Notari, M. Raidal, A. Riotto and A. Strumia, Nucl. Phys. B 685 
(2004) 89. 

[11] P. Di Bari, Nucl. Phys. B 727 (2005) 318. 

[12] R. Barbieri, P. Creminelli, A. Strumia and N. Tetradis, Nucl. Phys. B 575 (2000) 
61. 

[13] T. Endoh, T. Morozumi and Z. h. Xiong, Prog. Theor. Phys. Ill (2004) 123. 

[14] A. Pilaftsis, Phys. Rev. Lett. 95 (2005) 081602; A. Pilaftsis and T. E. J. Underwood, 
Phys. Rev. D 72 (2005) 113001. 

[15] E. Nardi, Y. Nir, E. Roulet and J. Racker, JHEP 0601 (2006) 164. 

[16] A. Abada, S. Davidson, F. X. Josse-Michaux, M. Losada and A. Riotto, JCAP 0604 
(2006) 004. 

[17] A. Abada, S. Davidson, A. Ibarra, F. X. Josse-Michaux, M. Losada and A. Riotto, 
JHEP 0609 (2006) 010. 



[18] F. X. Josse-Michaux and A. Abada, |arXiv:hep-ph/0703084 

[19] M. Y. Khlopov and A. D. Linde, Phys. Lett. B 138 (1984) 265. J. R. Ellis, J. E. Kim 
and D. V. Nanopoulos, Phys. Lett. B 145 (1984) 181; K. Kohri, T. Moroi and 
A. Yotsuyanagi, Phys. Rev. D 73 (2006) 123511. 

37 



[20] J. A. Casas and A. Ibarra, Nucl. Phys. B 618 (2001) 171. 

[21] S. Antusch and A. M. Teixeira, JCAP 0702 (2007) 024. 

[22] S. Pascoli, S. T. Petcov and A. Riotto, Phys. Rev. D 75 (2007) 083511. 



[23] S. Pascoli, S. T. Petcov and A. Riotto, arXiv:hep-ph/0611338 



[24] G. C. Branco, R. Gonzalez Felipe and F. R. Joaquim, Phys. Lett. B 645 (2007) 432. 
[25] S. Blanchet, P. Di Bari and G. G. Raffelt, JCAP 03 (2007) 012. 
[26] L. Covi, E. Roulet, F. Vissani, Phys. Lett. B 384 (1996) 169. 
[27] A. Pilaftsis, Int. J. Mod. Phys. A 14 (1999) 1811. 



[28] S. Uhlig, arXiv:hep-ph/0612262[ 



[29] R. Gonzalez Felipe, F. R. Joaquim and B. M. Nobre, Phys. Rev. D 70 (2004) 085009; 
G. C. Branco, R. Gonzalez Felipe, F. R. Joaquim and B. M. Nobre, Phys. Lett. B 
633 (2006) 336. 

[30] V. Cirighano, B. Grinstein, G. Isidori and M. B. Wise, Nucl. Phys. B 728 (2005) 
121. 

[31] M. C. Gonzalez-Garcia and M. Maltoni. larXiv: 0704. 18001 [hep-ph]. 

[32] B. A. Campbell, S. Davidson, J. R. Elhs and K. A. Olive, Phys. Lett. B 297 (1992) 
118; J. M. Cline, K. Kainulainen and K. A. Olive, Phys. Rev. D 49 (1994) 6394. 

[33] M. A. Luty, Phys. Rev. D 45 (1992) 455. 

[34] M. Pliimacher, Z. Phys. C 74 (1997) 549. 

[35] A. Pilaftsis and T. E. J. Underwood, Nucl. Phys. B 692 (2004) 303. 

[36] W. Buchmiiller and M. Pliimacher, Phys. Lett. B 511 (2001) 74. 

[37] E. Nardi, Y. Nir, J. Racker and E. Roulet, JHEP 0601 (2006) 068. 

[38] D. N. Spergel et al. [WMAP Collaboration] , llarXiv:astro-ph/0603449[ 

[39] K. S. Babu, C. N. Leung and J. T. Pantaleone, Phys. Lett. B 319 (1993) 191; 
S. Antusch, J. Kersten, M. Lindner and M. Ratz, Nucl. Phys. B 674 (2003) 401. 

38 



[40] S. Eidelman et al., Phys. Lett. B592, 1 (2004) (URLjhttp://pdg.lbl.gov/|). 



[41] M. Fujii, K. Hamaguchi and T. Yanagida, Phys. Rev. D 65 (2002) 115012. 

[42] P. Di Bari, AIP Conf. Proc. 655 (2003) 208 (a^Xiv:hep-ph/02 1 1 175] . P. Di Bari, 
|arrXiv:hep-ph/0406115| . 

[43] W. Buchmiiller, P. Di Bari and M. Pliimacher, Phys. Lett. B 547 (2002) 128. 

[44] A. De Simone and A. Riotto, JCAP 0702 (2007) 005. 

[45] O. Vives, Phys. Rev. D 73 (2006) 073006. 



[46] G. Engelhard, Y. Grossman, E. Nardi and Y. Nir, arXiv:hep-ph/0612187 



[47] T. Shindou and T. Yamashita, arXiv:hep-ph/0703183 



[48] J. F. Nieves and P. B. Pal, Phys. Rev. D 36 (1987) 315. 

[49] P. H. Frampton, S. L. Glashow and T. Yanagida, Phys. Lett. B 548 (2002) 119. 

[50] A. Ibarra and G. G. Ross, Phys. Lett. B 575 (2003) 279. 

[51] P. H. Chankowski and K. Turzynski, Phys. Lett. B 570 (2003) 198. 

[52] A. Anisimov, A. Broncano and M. Plumacher, Nucl. Phys. B 737 (2006) 176. 

[53] P. Ruber, M. Lindner and W. Winter, Nucl. Phys. B 645 (2002) 3. 

[54] See S. F. King, Rept. Prog. Phys. 67 (2004) 107 and references therein. 

[55] V. Cirigliano, G. Isidori and V. Porretti, Nucl. Phys. B 763 (2007) 228. G. C. Branco, 



A. J. Buras, S. Jager, S. Uhlig and A. Weiler, |arXiv:hep-ph/0609067f 



39 



